GdhR is a meningococcal transcriptional regulator that was previously shown to positively control the expression of gdhA, encoding the NADP-specific L-glutamate dehydrogenase (NADP-GDH), in response to the growth phase and/or to the carbon source. In this study we used reverse transcriptase-PCR-differential display (to identify additional GdhR-regulated genes. The results indicated that GdhR, in addition to NADP-GDH, controls the expression of a number of genes involved in glucose catabolism by the Entner-Doudoroff pathway and in L-glutamate import by an unknown ABC transport system. The genes encoding the putative periplasmic substrate-binding protein (NMB1963) and the permease (NMB1965) of the ABC transporter were genetically inactivated. Uptake experiments demonstrated an impairment of L-glutamate import in the NMB1965-defective mutant in the absence or in the presence of a low sodium ion concentration. In contrast, at a sodium ion concentration above 60 mM, the uptake defect disappeared, possibly because the activity of a sodium-driven secondary transporter became predominant. Indeed, the NMB1965-defective mutant was unable to grow at a low sodium ion concentration (<20 mM) in a chemically defined medium containing L-glutamate and four other amino acids that supported meningococcal growth, but it grew when the sodium ion concentration was raised to higher values (>60 mM). The same growth phenotype was observed in the NMB1963-defective mutant. Cell invasion and intracellular persistence assays and expression data during cell invasion provided evidence that the L-glutamate ABC transporter, tentatively named GltT, was critical for meningococcal adaptation in the low-sodium intracellular environment.
Neisseria meningitidis (meningococcus) is a commensal bacterium of the human nasopharynx that occasionally provokes life-threatening or other severe diseases including meningitis and sepsis. A crucial factor in the commensal and pathogenic behavior of this bacterium is its capacity to obtain and synthesize nutrients essential for its survival in the different microenvironments within the human host during the course of a natural infection. A genomewide analysis of the attributes of N. meningitidis required for disseminated infection strongly supported this view. Using signature-tagged mutagenesis, 73 genes that are essential for systemic infection in an infant rat model have been recently identified. Remarkably, about half of the 73 genes encode enzymes that are involved in metabolism and transport of nutrients (42) .
Although the study of the meningococcal metabolism was begun more than 40 years ago and genomic technology has become a fundamental tool for investigating the meningococcal metabolome (44) (http://www.sciencemag.org/feature/data /1046515.shl), our knowledge about the metabolic pathways and transport systems in this microorganism is far from being exhaustive. In addition, only a few regulatory pathways have been studied in some detail with respect to the meningococcal metabolism and host cell interaction (7, 8, 10, 15) .
In a previous work, limited transcriptional analysis of invasive and commensal meningococcal isolates led to discovery of a transcriptional regulator, GdhR, differentially expressed among the strains (32) . GdhR belongs to the GntR family of bacterial helix-turn-helix regulators (34) , and it was shown to positively control the expression of gdhA, encoding the NADPspecific L-glutamate dehydrogenase (NADP-GDH), in response to the growth phase and/or to the carbon source. The negative effector 2-oxoglutarate, a product of the catabolic reaction of the NADP-GDH, and an intermediate of the tricarboxylic acid (TCA) cycle, plays a key role in this control by preventing the binding of GdhR to the stronger gdhA promoter (32) . The existence of this regulatory circuit led us to speculate that the major role of NADP-GDH in meningococci might be catabolic, to supply the TCA with 2-oxoglutarate from L-glutamate under certain growth conditions, a hypothesis that is supported by the natural auxotrophy for L-glutamate of this microorganism (5) . Indeed, studies on the closely related species N. gonorrhoeae indicate that intracellular levels of 2-oxoglutarate may range considerably in response to the carbon source, being higher in the presence of lactate (or pyruvate) than in the presence of glucose (17, 19, 20, 22, 31, 38) . Glucose is the predominant carbon source in blood; by contrast, lactate is the major carbon source during growth in the cerebrospinal fluid (13) , as well as in the saliva and in mucosal environments that are colonized by lactic bacteria, such as the nasopharynx (25, 26) . Lactate and pyruvate tend to be used as major carbon (energy) sources within phagocytic cells (46) . These arguments support the hypothesis that the role of the NADP-GDH and the regulatory mechanisms concerned might have wider implications and that GdhR might control other genes in addition to gdhA.
To test this hypothesis, a reverse transcriptase-PCR differential display (RT-PCR-DD) strategy was developed in this study. The strategy relied on the presence of highly and moderately repetitive transcribed DNA sequences in the meningococcal genome. In particular, the meningococcal genome is characterized by the presence of more than 1,900 copies of 10-bp-long DNA uptake signal sequences (DUS) often found in the base-paired stem of transcription terminators (33, 39, 44) . In addition, the neisserial miniature insertion sequences (nemis or Correia elements) are 154 to 158 bp (unit-length) or 104 to 108 bp (internally rearranged) elements carrying terminal inverted repeats (TIRs) present in about 250 copies (28, 33, 44) . The subfamilies of 26L/26R, 26L/27R, 27L/27R, and 27L/ 26R elements originate from the combination of TIRs, which vary in length (26 to 27 bp) as well as in sequence content (L and R types). More than two-thirds of nemis are interspersed with single-copy DNA and are cotranscribed with cellular genes serving as portable promoters (2, 4, 35) and/or as RNase III processing sites (9, 28) .
The results of the RT-PCR-DD, independently confirmed by Northern and slot blot analyses, indicate that GdhR, in addition to NADP-GDH, controls the expression of a number of genes involved in glucose catabolism by the Entner-Doudoroff pathway and the L-glutamate import by an unknown ABC transport system, tentatively named GltT, evolutionarily conserved among gram-negative bacteria and plant chloroplasts. Several phenotypes of knocked-out ABC transport mutants were tested, including the ability (i) to grow on complex or chemically defined media, (ii) to import L-glutamate, (iii) to invade HeLa cells, and (iv) to survive and multiply within the host cell. Finally, expression of the GltT operon by intracellular meningococci was evaluated.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The meningococcal strain used in this study as a wild type was H44/76, a serogroup B isolate belonging to the ET-5 hypervirulent lineage, kindly provided by IRIS, Chiron SpA, Siena, Italy. Meningococci were cultured on complex media chocolate agar (Becton-Dickinson) or on gonococcus agar or broth supplemented with 1% (vol/vol) Polyvitox (OXOID) at 37°C in 5% CO 2 . When required, Bacto agar was added at a 1.5% (wt/vol) final concentration. Meningococci were also cultured in the chemically defined media MCDA (5), MCDA-1, and MCDA-2, which were formulated on the basis of MCDA. The final concentration of each component of the MCDA is as follows: 100 mM NaCl, 2.5 mM KCl, 7.5 mM NH 4 3 , 1% glucose. In MCDA-1 the NaCl was omitted; in MCDA-2 the NaCl concentration was decreased to 40 mM. The pHs of all media were adjusted to 7.4.
Escherichia coli strain DH5␣[F Ϫ ⌽80d lacZ⌬M15 endA1 recA1 hsdR17 supE44 thi-1 Ϫ gyrA96 ⌬(lacZYA-argF) U169] was used in cloning procedures. This strain was grown in Luria-Bertani (LB) medium. To allow plasmid selection, LB medium was supplemented with ampicillin (50 g ml Ϫ1 ).
DNA procedures.
High-molecular-weight genomic DNA from N. meningitidis strains was prepared as described previously (3) . DNA fragments were isolated through acrylamide slab gels and recovered by electroelution as described previously (36) .
Oligonucleotides used in this study as primers in PCRs are listed in Table 1 . Oligonucleotide synthesis was performed as a service by MWG-Biotech AG Oligo Production. The amplification reactions generally consisted of 35 cycles including 45 s of denaturation at 94°C, 45 s of annealing at 65°C, and 45 s of extension at 72°C. They were carried out in a Perkin-Elmer Cetus DNA Thermal Cycler 2400. The DNA from strain H44/76 was used as a template.
Southern blot hybridizations were carried out according to standard protocols (36) . 32 P labeling of the DNA fragments was performed by random priming using the Klenow fragment of the E. coli DNA polymerase I and [␣-
32 P]dATP and [␣-
32 P]dGTP (3,000 Ci mmol Ϫ1 ) (36) . DNA sequencing was performed as a service by the MWG Biotech Custom Sequencing Service. Processing of the DNA sequences was performed with the software GeneJockey Sequence Processor (published and distributed by Biosoft). Deduced amino acid sequence similarity searching was performed with the BLAST program using the Conserved Domain Database available at the NCBI. Smith-Waterman alignments (40) were performed with the SSEARCH program using the NPSA 3DSEQ or the NPSA SWISSPROT databases available at the Pôle Bioinformatique Lyonnaise.
Plasmids and cloning procedures. The Neisseria-E. coli shuttle vector pDEX and the derivative plasmid pDE⌬gdhR harboring a 540-bp Sau3AI DNA fragment containing the central part of gdhR have been described previously (32) . To construct pDE⌬NMB1965, the DNA corresponding to the central segment of the open reading frame (ORF) NMB1965 was amplified using the primers NMB1965-1 and NMB1965-2, and the BamHI-restricted 482-bp PCR product was cloned into the BamHI site of pDEX. An analogous strategy was used to obtain pDE⌬NMB1963 with the primers NMB1963-1 and NMB1963-2 amplifying a BamHI-restricted 417-bp PCR product and pDE⌬NMB1961 with the primers NMB1961-1 and NMB1961-2 amplifying a BamHI-restricted 481-bp PCR product. 
..5Ј-CTACGCATTTCACTGCTACACG-3Ј
Knockout of gdhR, NMB1965, NMB1963, and NMB1961. The gdhR gene was inactivated in H44/76 by single crossing-over event using pDE⌬gdhR originating the strain H44/76⍀gdhR as described previously (32) . The ORFs NMB1965, NMB1963, and NMB1961 were genetically knocked out by the same procedure using the plasmids pDE⌬NMB1965, pDE⌬NMB1963, and pDE⌬NMB1961, respectively. Transformations were performed by using 0.1 to 1 g of plasmid DNA. Transformants were selected on GC agar medium supplemented with erythromycin (7 g ml Ϫ1 ). Successful gene inactivation was demonstrated by Southern blot hybridization. NMB1965-, NMB1963-and NMB1961-specific probes (see Fig. 4B to D) were obtained by 32 P labeling of BamHI-restricted PCR fragments. The sizes of these fragments were 482 bp (primers NMB1965-1 and NMB1965-2), 417 bp (primers NMB1963-1 and NMB1963-2), and 481 bp (primers NMB1961-1 and NMB1961-2).
Standard RNA procedures. Total bacterial RNA was extracted from logarithmically growing cells in GC medium by the guanidine hydrochloride procedure previously described (32) or by the RNeasy Midi kit according to the manufacturer's instructions (QIAGEN). Both of these procedures gave comparable results in terms of RNA integrity using the gdhA transcript (32) in Northern blot experiments as a reference mRNA. Electrophoretic analysis was performed by fractionating the total RNA on 1% agarose gels containing formaldehyde (36) . RNA transfer to Hybond-Nϩ nylon membranes (Amersham) and hybridization with 32 P-labeled fragments were according to standard procedures (36) . Slot blot experiments were performed as described previously (36) . Briefly, total bacterial RNA was extracted as described above, heated at 80°C for 5 min, and then immobilized onto Hybond-Nϩ nylon filters by slow filtration in a slot blot apparatus (Schleicher & Schuell). The immobilized RNA was then hybridized to denatured 32 P-labeled fragments. The hybridization reactions were carried out in 5ϫ SSC (1ϫ SSC: 0.015 M NaCl, 15 mM Na citrate [pH 7.0]), 0.5% sodium dodecyl sulfate, 0.5ϫ Denhardt (36) at 68°C for 6 h. 32 P labeling of NMB1965-and NMB1961-specific probes, used in Northern blot and slot blot experiments (see Fig. 2 and 6 ), was performed by random priming as described above (36) . The NMB1964-, NMB2147-, and zwf-specific probes were obtained by 32 P labeling of PCR fragments. The sizes of these fragments were as follows: 471 bp (primers NMB1964-1 and NMB1964-2), 345 bp (primers NMB2147-1 and NMB2147-2), and 603 bp (primers Zwf-1 and Zwf-2). The semiquantitative analysis of the different transcripts was performed by densitometry using a Scanmaster 3 (Howtek, Inc., Hudson, NH), a high-performance desktop flatbed color scanner equipped with the RFLPrint (Pdi, Huntington Station, NY) software package, or by directly counting the radioactivity bands by using a PhosphorImager SI (Molecular Dynamics, Inc., Sunnyvale, CA). Slot blot experiments were carried out with triplicate samples in each assay. To evaluate the statistical significance of the results, each experiment was repeated at least three times with different RNA preparations, and means and standard deviations were determined.
RT-PCR-DD analysis. Total bacterial RNA was extracted from meningococci grown in GC-rich medium to late logarithmic phase (optical density at 550 nm [OD 550 ] of 0.8) as described above. Twelve-microliter mixtures consisting of 100 ng of total RNA from H44/76 or H44/76⍀gdhR, 0.9 mM deoxynucleoside triphosphates, 0.04 g l Ϫ1 primer DUS-IN, DUS-OUT, 26L-IN plus 27L-IN, or 26L-OUT plus 27L-OUT were heated at 65°C and immediately cooled on ice. Then, first-strand cDNA synthesis was carried out with 5 U l Ϫ1 Superscript reverse transcriptase (RT) (Invitrogen) in the presence of 0.01 M dithiothreitol and 2 U l Ϫ1 RNase inhibitor at 37°C for 50 min. Reactions were stopped by heat inactivation at 70°C for 15 min. Two microliters of the synthesized cDNA was used as templates in PCRs that were carried out in the presence of 0.2 mM deoxynucleoside triphosphates, 0.2 M of the corresponding primers, and 0.5 M random hexamers as reverse primers. The amplification reactions consisted of 35 cycles including 20 s of denaturation at 94°C, 20 s of annealing at 37°C, and 1 min of extension at 65°C. They were carried out in a Perkin-Elmer Cetus DNA Thermal Cycler 2400. Samples were subjected to phenol and chloroformisoamylic alcohol (24:1) extraction and ethanol precipitation before loading onto 6% acrylamide-bisacrylamide gel in TBE buffer (1ϫ TBE is 8.9 mM Tris-borate, 89 mM boric acid, 2 mM EDTA). Electrophoresis was performed at room temperature. The gel was stained by the silver staining method (36) . The slices of gel containing the differentially expressed transcripts were cut with a sharp scalpel, and the DNA fragments were allowed to diffuse into 100 l of sterile water at 37°C for 4 h under stirring. The eluted DNA was ethanol precipitated using glycogen as a carrier. Then, it was used as a template in a PCR with the corresponding primers. The positive amplicons were cloned in a pGEM easy vector (Promega) and sequenced as described above.
Whole-cell L-glutamate uptake assay. L-Glutamate transport assay was performed essentially as described previously (47) with some modification. Meningococci were grown in 10 ml GC broth supplemented with 1% (vol/vol) Polyvitox (OXOID) at 37°C with shaking. Cells were harvested at an OD 550 of 0.7 to 0.8 by centrifugation at 5,000 ϫ g for 10 min at room temperature. The cell pellets were washed by three resuspensions with 5 ml of buffer A (50 mM potassium phosphate, pH 6.9, and 0.5 mM MgCl 2 ). Following the final centrifugation, cell pellets were resuspended in 1 ml of buffer B (buffer A containing chloramphenicol [300 g ml Ϫ1 ]). For whole-cell transport assay, mixtures (60 l) were prepared at room temperature as follows: 20 l of the cell resuspension was added to 20 l of buffer A containing 3% glycerol and, where indicated, NaCl at twice final concentration. Glycerol was used as an energizer. When present, sodium orthovanadate (Sigma) was added at concentrations ranging between 0 and 1 M. Samples were allowed to incubate for 15 min, and the assays were then initiated by the addition of 20 l of buffer A containing a mixture of L-[3,4-3 H]glutamic acid (specific activity, 52 Ci/mmol) (provided by Perkin-Elmer Life Science) and unlabeled L-glutamic acid at a 3 times final concentration and, where indicated, unlabeled amino acids L-glutamine, L-aspartic acid, L-asparagine, or L-alanine at a 3 times final concentration, and NaCl at final concentration. The assay mixtures were mixed with a Vortex mixer, and the assays were terminated after different times by vacuum filtration onto a 0.45-m-pore-size White HAWP Millipore membrane. Filters were washed with 0.5 ml of buffer A and dried. The radioactivity was determined by scintillation counting in 20-mm (inside diameter) vials containing 5 ml of pseudocumene scintillation solution. Background binding of L- [3,4- 3 H]glutamic acid to membrane or bacteria (energyindependent binding) was determined in control samples lacking bacteria or glycerol (as an energizer), and it was subtracted from all values. The protein concentration was determined by the Bradford method, with bovine serum albumin as a standard. All transport data are expressed as nanomoles of substrate transported per mg of cell protein min Ϫ1 . Invasion and intracellular viability assays. For standard invasion and intracellular viability assays, HeLa cells were grown for 1 day to near-confluence in 24-well tissue culture plates (Falcon) in Dulbecco's modified Eagle medium (DMEM) with 10% fetal bovine serum (GIBCO) and 2 mM L-glutamine. Meningococci were grown overnight on GC agar supplemented with 1% (vol/vol) Polyvitox (OXOID) at 37°C in 5% CO 2 . HeLa cells were infected at a multiplicity of infection of 100 and incubated for 1 h at 37°C in 5% CO 2 . The infection was initiated by a centrifugation step (600 ϫ g for 5 min at room temperature). Noninternalized bacteria were killed by the addition of 100 g ml Ϫ1 of gentamicin (Sigma) to the culture medium. After 30 min, HeLa cells were washed three times with phosphate-buffered saline (to remove gentamicin and dead bacteria) and reincubated in DMEM medium for various times. The medium was then collected, and HeLa cells were washed extensively and lysed by 0.1% saponin in phosphate-buffered saline for 5 min to release internalized bacteria. Lysates and medium were then plated onto GC agar plates in order to determine numbers of CFU. Alternatively, in order to check that the infection protocol was working successfully, after infection and reincubation times, cells were processed for immunofluorescence to distinguish between adherent and internalized bacteria (27) .
Slot blot analysis of meningococcal transcripts in infected cells. In analyzing the meningococcal transcripts in infected cells, an obvious obstacle was represented by the small number of recoverable bacteria, making inappropriate the application of any standard procedures for RNA analysis. To overcome this limitation, an original slot blot procedure was ad hoc developed. For this purpose, total RNA was extracted from about 5 ϫ 10 7 to 5 ϫ 10 8 intracellular meningococci following saponin lysis of infected HeLa cell 8 h after internalization (see above) by the RNeasy Mini kit according to the manufacturer's instructions (QIAGEN). The extracted RNA was subjected to reverse transcription using the oligonucleotide NMB1965-2, NMB1964-2, NMB1961-2, or 16Suniv-2 (loading control) as primers, according to the above-described procedure (see RT-PCR-DD analysis). The labeling procedure consisted of a PCR, where 2 l of cDNA was used as a template in a 50-l mixtures containing 0.2 mM (each) of dCTP and dTTP, 2.5 M (each) of dATP and dGTP, 0.12 M [␣- itively charged Hybond-Nϩ nylon membranes by using a hybrid-slot manifold (Bethesda Research Laboratories) according to standard procedures (36) . The hybridization reactions were carried out in Church buffer (36) at 63°C overnight. Assays were carried out with triplicate samples. Each experiment was repeated at least five times using RNA preparations from distinct infection assays, and means and standard deviations were determined. RT real-time PCR analysis. Semiquantitative analysis of the NMB1964 transcript, normalized to 16S rRNA, was performed by RT real-time PCR with the iQ SYBRgreen Supermix (Bio-Rad) on a Bio-Rad iCycler iQ instrument. For RT real-time PCR experiments, total RNA was isolated with the procedure described above either from exponentially growing meningococci in GC medium or from intracellular meningococci. Total RNA (1 g) was then reverse transcribed by using random hexamer (2.5 M) with Superscript RT (Invitrogen) as previously described. For each RNA sample, retro-transcription was performed five times. About 0.1 to 1% of each RT reaction was used to run real-time PCR with the primer pairs 16Suniv-1/16S-r, specific for 16S rRNA, and NMB1964-f/ NMB1964-r, specific for NMB1964. PCR products were 185 bp long for 16Suniv-1/ 16S-r and 175 bp long for NMB1964-f/NMB1964-r primer pairs. Real-time PCRs were run in triplicate. The real-time PCR conditions were as follows: 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C for 45 cycles. Data were analyzed by the Bio-Rad iCycler iQ real-time PCR detection system software, version 3.1. Each experiment was repeated five times using distinct cDNA preparations for each RNA sample, and means and standard deviations were determined.
RESULTS
RNA differential display analysis of isogenic GdhR-proficient and GdhR-defective meningococcal strains. In an attempt to isolate GdhR-regulated genes, an RT-PCR-DD strategy was developed that relied on the presence of highly and moderately repetitive transcribed DNA sequences in the meningococcal genome. Oligonucleotides designed on the basis of the DUS (DUS-IN and DUS-OUT) or the 26L, 27L nemis sequences (26L-IN, 26L-OUT, 27L-IN, 27L-OUT) (Fig. 1A) were used as primers in RT assays to prepare cDNAs from H44/76 (GdhR proficient) and the isogenic derivative H44/ 76⍀gdhR (GdhR defective) grown in GC-rich medium to late logarithmic phase. The cDNAs were then amplified by PCR using the corresponding oligonucleotides and a mixture of random hexamers as primers, and the PCRs were analyzed by polyacrylamide gel electrophoresis. By this approach, several bands corresponding to either up-regulated (b, c, d, and e) or down-regulated (a and f) genes were identified in the GdhRdefective strain (Fig. 1B) . The bands a, d, and f were then excised from the gels, and the corresponding cDNAs were cloned and subjected to nucleotide sequences analysis. The bands of b-, c-and e-associated cDNAs, when subjected to cloning, each gave rise to more than one clone, and therefore they were not further analyzed in this study.
Identification of genes differentially expressed in GdhR-proficient and GdhR-defective strains. The nucleotide sequence analysis demonstrated that the band d-associated cDNA (upregulated in the GdhR-defective strain) corresponded to an operon region between the zwf and pgl cistrons encoding, respectively, the glucose 6-phosphate 1-dehydrogenase and the 6-phosphogluconolactonase, two key enzymes of the EntnerDoudoroff pathway ( Fig. 2A and Table 2 ). The band a-associated cDNA (down-regulated) was localized immediately downstream from NMB2147, coding for a probable lipoprotein, whereas the band f-associated cDNA (down-regulated) corresponded to NMB1964, encoding a possible outer membrane transport protein on the basis of the available gene annotations ( Fig. 2A and Table 2 ). The inspection of the genetic map suggested that the ORFs NMB1966 to NMB1958 might constitute an operon of unknown function ( Fig. 2A) .
In order to confirm the results of the RT-PCR-DD analysis, Northern blot, slot blot, RT-PCR, and RT real-time PCR experiments were performed ( Fig. 2 and 3 ). An about 750-nucleotide (nt)-long transcript was detected with an NMB2147-specific probe in the wild-type strain H44/76 (Fig. 2B, lane 1) . As expected, this transcript was less abundant in the GdhR-defective H44/76⍀gdhR by densitometry analysis (Fig. 2B, lane 2) . In contrast, the about 1,900-nt-long zwf-specific transcript was slightly more copious in H44/76⍀gdhR than in the wild type (Fig. 2B, lanes 4 and 3, respectively) . The length of this transcript was compatible with a processing event possibly operated by the RNase III at the level of the nemis element in the zwf-pgl intercistronic region.
Semiquantitative analysis by slot blot experiments demonstrated that the NMB2147-specific RNA was about threefold less abundant in H44/76⍀gdhR than in the wild type. However, the same analysis, when extended to the zwf-specific RNA, failed to reveal statistically significant differences between the two strains because of its inability to distinguish between fulllength and processed transcripts (Fig. 2C) .
The result of the Northern blot analysis was consistent with the hypothesis that the genes NMB1966 to NMB1958 may constitute an operon subjected to positive control by GdhR. In fact, although barely detectable, an about 5,500-nt-long transcript, down-regulated in H44/76⍀gdhR, hybridized to either NMB1965-or NMB1961-specific probes (Fig. 2B , lanes 5 and 6 and lanes 7 and 8, respectively). The transcript length and the occurrence of (i) an ORF (NMB1967) in the opposite orientation upstream of NMB1966, (ii) a Rho-independent transcription terminator structure downstream from NMB1958, and (iii) translational coupling between the distal five cistrons (NMB1962 to NMB1958) supported this hypothesis.
It should be noted, however, that the Northern blot pattern was not particularly clean, although the experiments were repeated many times with different RNA preparations that were tested for mRNA integrity using a reference transcript (Materials and Methods). The Northern blot demonstrated two major transcripts about 2,800 nt in length with the two probes, much more abundant than the 5,500-nt long one. The levels of these two transcripts were greatly reduced in H44/76⍀gdhR compared to those in the wild-type strain. This transcript pattern was suggestive for the occurrence of mRNA processing (44), an ET-5 strain phylogenetically related to H44/76 (35) . Open rectangles locate the NMB2147-, the zwf-, the NMB1965-, the NMB1964-, and the NMB1961-specific probes used in Northern blot (B) and slot blot (C) experiments. The RNA sequences of the palindromic elements mapping in the intercistronic NMB1963-NMB1962 region and at the 3Ј end of NMB1958 are reported. (B) Northern blot analysis of GdhRregulated transcripts in isogenic strains H44/76 and H44/76⍀gdhR. Top, H44/76 (lanes 1, 3, 5, and 7) and H44/76⍀gdhR (lanes 2, 4, 6, and 8) were grown to late logarithmic phase (OD 550 of 0.8) in complex GC medium. Total RNAs (10 g) were extracted and analyzed by Northern blotting using the 32 P-labeled NMB2147-, zwf-, NMB1965-, and NMB1961-specific probes shown in panel A. Bars indicate GdhR-regulated transcripts whose approximate sizes were deduced on the basis of the relative migration of 23S and 16S rRNA (arrowheads). Bottom, Ethidium bromide regulating the segmental stability of the full-length 5,500-ntlong transcript. The presence of a stem-loop structure in the intercistronic region between NMB1963 and NMB1962 may be functional for the processing event ( Fig. 2A) , although we cannot exclude that it may also serve as a Rho-independent intercistronic transcription terminator. Therefore, to support the Northern blot data, we used linked RT-PCRs as an alternative strategy (Fig. 3A and B) . The results of this analysis confirmed that the ORFs NMB1966 to NMB1958 are in the same transcriptional unit.
Semiquantitative analysis by slot blot experiments demonstrated that the NMB1965-, NMB1964-, and NMB1961-specific RNAs were significantly less abundant in H44/76⍀gdhR than in the wild-type strain (Fig. 2C) . The result of RT realtime PCR experiments confirmed that NMB1964-specific transcript was almost threefold less abundant (38%) in H44/ 76⍀gdhR than in the wild-type strain (Fig. 3C) .
In silico analysis of the NMB1966-to-NMB1958 gltT operon. When the NMB1966 to NMB1962 deduced protein sequences were challenged in the data bank (Conserved Domain Database at the NCBI) in an attempt to gain information about their function, the ttg2 (ttg2A-ttg2B-ttg2C-ttg2D-ttg2E) operon of Pseudomonas putida GM73 gave the best score (Table 3) . This operon was presumed to encode a second efflux pump responsible for toluene resistance in this microorganism, alternative to the SrpA-, SrpB-, SrpC-dependent pump (23) . The possible existence of such a function in N. meningitidis, a narrowhost-range parasite, was rather puzzling. Moreover, the results of BLAST analysis demonstrated a high degree of conservation of the NMB1966 to NMB1962 deduced protein sequences in different Proteobacteria ( Table 3 ). The BLAST analysis also revealed significant homology (32% identity, 55% similarity) between the NMB1966 deduced protein sequence and GluA of Corynebacterium glutamicum, the cytoplasmic ATP-binding component of the ABC four-member L-glutamate uptake porter.
In addition, Smith-Waterman alignment demonstrated homology (22% identity, 56% similarity) between the NMB1965 deduced protein sequence and the proton-glutamate symport protein from Pyrococcus horikoshii (Fig. 4E) , whose structure has been determined by X-ray diffraction (48) . These searches led us to hypothesize that the NMB1966-to-NMB1958 operon may code for an import system eventually involved in L-glutamate import rather than a toluene exporter, as previously annotated. The evidence that GdhR is responsible for coordinate regulation of both NADP-GDH and this operon strongly supported this hypothesis.
Functional characterization of the NMB1966-to-NMB1958 gltT operon: whole-cell L-glutamate uptake assays. To substantiate this hypothesis with experimental data, isogenic mutant strains were constructed. In the strain H44/76⍀NMB1965, the gene encoding the putative permease of the four-member uptake system was insertionally inactivated by pDE⌬NMB1965 (Fig. 4A) . Southern blot analysis confirmed the insertion of the erythromycin-resistant circular cassette by a single crossingover event in NMB1965. As a result of the recombination event, two HincII DNA fragments of the expected sizes (1,718 bp and 951 bp) were detected by NMB1965-specific probe in the transformed strains H44/76⍀NMB1965 (Fig. 4B, lanes 1 to  7) in place of the 1,975-bp HincII fragment of the parental staining of ribosomal RNAs is reported as a loading control. (C) Relative levels of NMB2147-, zwf-, NMB1965-, NMB1964,-and NMB1961-specific mRNAs in strains H44/76 and H44/76⍀gdhR determined by slot blot experiments. For NMB2147, NMB1965, NMB1964, and NMB1961, transcript levels in H44/76 are arbitrarily assumed to be equal to 100%. For zwf the transcript level in H44/76⍀gdhR is assumed to be equal to 100%. Values represent means from three independent experiments, each with triplicate samples. Bars indicate standard deviations. (Fig. 4A) . Indeed, two DdeI DNA fragments of the expected sizes (2,409 bp and 1,932 bp) were detected by a NMB1963-specific probe in the transformed strains H44/76⍀NMB1963 (Fig. 4C , lanes 1 to 5) in place of the 2,588-bp DdeI fragment of H44/76 (Fig. 4C, lane 6) . The uptake of L-glutamate was determined in wild-type H44/76 and in H44/76⍀NMB1965 under different assay conditions (Fig. 5) . As in other microorganisms, the efficiency of L-glutamate import was largely affected by the sodium ion concentration (Fig. 5A) . When compared to the wild-type H44/ 76, H44/76⍀NMB1965 exhibited severe impairment of L-glutamate uptake in the range between 0 and 40 mM NaCl. In contrast, at a sodium ion concentration above 40 mM, the uptake defect became milder, and it disappeared above 60 mM NaCl (Fig. 5A) , suggesting that the activity of a sodium-driven, secondary transporter was predominant under these assay conditions. Time course experiments confirmed the reduced ability of H44/76⍀NMB1965 to import L-glutamate uptake in the presence of a low sodium ion concentration (20 mM) (Fig. 5B) . In a buffer containing 20 mM NaCl, the velocity of L-glutamate uptake was reduced more than fourfold for H44/76⍀NMB1965 in a range of substrate concentration between 1 and 40 M (Fig. 5C ). The ATPase inhibitor sodium orthovanadate demonstrated dose-dependent inhibition of L-glutamate uptake in the wild-type strain (Fig. 5D ) without affecting the residual uptake in the permease-defective strain (data not shown). In the wild type, this inhibition leveled off at values similar to those of the mutant strain (Fig. 5C ). This result was consistent with impairment of an ATPase-driven L-glutamate transport in H44/76⍀NMB1965. Saturation data for the import of L-glutamate by the wild-type H44/76 indicated two major components with apparent K m values for L-glutamate of 2 M and 10 M ( Fig. 5E ). The component with the higher K m value was saturated at a higher L-glutamate concentration and was affected in H44/76⍀NMB1965. To test the specificity of the import system, L-glutamate uptake was determined in the presence of a 100-fold molar excess of L-glutamate, L-aspartate, L-glutamine, L-asparagine, or L-alanine (Fig. 5F ). The results demonstrated that the import system was specific for L-glutamate in the wild-type strain. L-Glutamine scarcely inhibited (17%) L-glutamate uptake. The residual uptake of L-glutamate by H44/ 76⍀NMB1965 was inhibited by L-aspartate (28%) and by Lglutamine (22%). On the basis of these results, we assigned the name gltT (for L-glutamate transport) operon to the ORFs NMB1966 to NMB1958. Functional characterization of the NMB1966-to-NMB1958 gltT operon: effects on growth in complex or chemically defined media. In liquid GC-rich medium, compared to the wild-type strain, H44/76⍀NMB1965 exhibited a prolonged lag phase, and the growth defect, only modest during the early logarithmic phase (OD 550 of 0.02 to 0.2), increased during the middle and the late logarithmic phase (OD 550 , 0.2 to 0.8). The generation time was about 30 min for H44/76 and 60 min for the mutant strain in the growth interval between OD 550 s of 0.2 and 0.8. In addition, H44/76⍀NMB1965 entered the stationary phase at a biomass concentration significantly lower than that of H44/76 (Fig. 6A) . Slot blot experiments demonstrated that the amount of NMB1965-specific mRNA increased about fourfold during the late logarithmic phase in the wild-type strain, whereas it did not change in H44/76⍀gdhR (Fig. 6B) , confirming a major role for the gltT operon during the late logarithmic growth. It is relevant to note that transcription of gdhA also exhibited a similar timing (31) .
The growth impairment of the NMB1965-defective mutant was much more marked in chemically defined media. At variance with the wild-type H44/76, this mutant failed to grow at a low sodium ion concentration (21.6 mM) on a chemically defined solid medium containing citrate, L-glutamate, and four other amino acids (L-arginine, L-glycine, L-serine, and L-cysteine) that are essential for meningococcal growth (5), but it grew on the same medium when the sodium ion concentration was raised to 61.6 mM (Fig. 6C) . The same growth phenotype was observed for the NMB1963 (periplasmic substrate-binding protein)-defective mutant.
Functional characterization of the NMB1966-to-NMB1958 gltT operon: cell invasion and intracellular persistence assays. A distinctive feature of the gltT operon of N. meningitidis is the presence of four additional ORFs (NMB1961 to NMB1958) that are located downstream from the ORFs (NMB1966 to NMB1962) coding for the ABC transporter. An identical gene arrangement is present in the closely related bacteria Neisseria gonorrhoeae (strain FA 1090) and Neisseria lactamica (ST-640). In the more distant neisseriacea Chromobacterium violaceum (strain ATCC 12472), the homologous ORFs coding for the ABC transporter (CV0449 to CV0445) precede a single ORF, CV0444 (NMB1961 in N. meningitidis), whereas the NMB1960-to-NMB1958 homologues map outside. A similar organization is present in Xylella fastidiosa but not in the other ␥-Proteobacteria (Table 3 ). The gene product of NMB1961 is related to VacJ of Shigella flexneri, a lipoprotein of unknown function that is exposed on the bacterial surface and that has been involved in the intercellular 
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spreading of this invasive microorganism (43) . These searches led us to investigate the possible role of the meningococcal gltT operon in cell invasion and intracellular survival. For this purpose, the ORF NMB1961, encoding the VacJlike protein, was insertionally inactivated by pDE⌬NMB1961 (Fig. 4A) . The insertion of the erythromycin-resistant circular cassette by single crossover in NMB1961 was verified by Southern blot analysis (Fig. 4D) . Two HincII DNA fragments of the expected sizes (1,100 bp and 1,043 bp) were detected by the NMB1961-specific probe in the transformed strains H44/ 76⍀NMB1961 (Fig. 4D, lanes 1 to 7) in place of the 1,460-bp HincII fragment of the parental strain, H44/76 (Fig. 4D,  lane 8) .
Strains H44/76, H44/76⍀gdhR, H44/76⍀NMB1965 (permease defective), and H44/76⍀NMB1961 (VacJ-like defective) were used in cell invasion and intracellular persistence assays. After allowing meningococci to invade HeLa cells for 1 h, intracellular viability was assessed immediately after gentamicin treatment and every 2 h post-gentamicin treatment (Fig. 7A) . Results demonstrated the absence of statistically relevant differences in the ability to invade the HeLa cells by the four strains. At 2 h post-gentamicin treatment, a difference occurred in the intracellular viability of the wild type and the mutants. Normally, at this time, a decrease occurs in intracellular viable bacteria, which is also characteristic of gonococcal invasion (37, 46) . In the experiment shown in Fig. 7A , the decrease was about sixfold for the wild-type H44/76, 20-fold for the permeasedefective strain H44/76⍀NMB1965, 18-fold for the VacJ-likedefective strain H44/76⍀NMB1961, and 43-fold for H44/ 76⍀gdhR. Similar results were obtained in other tests. Between 2 and 8 h, fast bacterial duplication occurred with the following apparent generation times: 24 min, H44/76; 48 min, H44/76⍀NMB1965; 18 min, H44/76⍀NMB1961; 42 min, H44/ 76⍀gdhR. Thus, generation times appeared to be greatly increased for both the GdhR-and permease-defective strains and slightly decreased for the VacJ-like-defective strain. It should be noted that intracellular generation times are only apparent, since they reflect the sum of intracellular growth, intracellular death, and eventually bacterial egression from HeLa cells and reinvasion. Therefore, different processes may be affected in the three mutants.
Transcript levels of NMB1961 (VacJ-like), NMB1965 (Lglutamate putative permease), and NMB1964 (putative outer membrane substrate binding protein) in the intracellular milieu were evaluated by slot blot (Fig. 7B) and by semiquantitative RT real-time PCR (Fig. 7C) experiments. Reduction in the amounts of these transcripts in H44/76⍀gdhR compared to levels in the wild-type strain might account for the lower fitness of this strain in the intracellular environment.
DISCUSSION
In this study we demonstrate that GdhR, a positive transcriptional regulator of gdhA, encoding the NADP-GDH (32), controls the expression of a number of genes involved in glucose metabolism and L-glutamate import by an ABC transporter whose genetic counterpart was so far unexplored.
GdhR acts as a negative (direct or indirect) regulator for transcription of the zwf-pgl region, where two genes map encoding key enzymes of the Entner-Doudoroff pathway, the glucose 6-phosphate 1-dehydrogenase and the 6-phosphogluconolactonase, respectively ( Fig. 1 and Fig. 2 ). The EntnerDoudoroff pathway is crucial for glucose metabolism in pathogenic Neisseriae. These narrow-host-range parasites are able to utilize only a few compounds as energy sources efficiently: lactate, pyruvate, glucose, and (the meningococcus) maltose.
Glucose is catabolized largely along the Entner-Doudoroff pathway, which generates relatively small amounts of energy, with a little contribution from the pentose phosphate pathway (19) . At neutral pH values, the catabolism of glucose results in the accumulation of acetate, which is not further catabolized until glucose is depleted or growth becomes limiting. Indeed, growth on glucose markedly reduces the levels of TCA cycle enzymes in gonococci (17, 31) .
Lactate metabolism is accomplished by at least three lactic dehydrogenases. The most important are two electron transport-linked lactic dehydrogenases that are associated with the cytoplasmic membrane (12, 38) . Lactate provides energy for growth by being a substrate for electron transport when it is oxidized to pyruvate. Pyruvate then generates acetyl-coenzyme A, the precursor of fatty acid synthesis, and constituents and products of the TCA cycle, which is entirely functional under these growth conditions (20, 22, 38) . Fueling of the TCA cycle by acetyl-coenzyme A accounts for lactate stimulation of neisserial metabolism in media containing glucose (38) . A similar effect may be produced by the activity of the NADP-GDH, which supplies the TCA cycle with 2-oxoglutarate (32). Indeed, there is evidence that exogenous L-glutamate stimulates citrate catabolism in N. meningitidis (18) . Interestingly, the extent of such stimulation is strain dependent (18) as is expression of NADP-GDH (32) . On the basis of these arguments, the negative regulation of the glucose metabolism by GdhR may be unsurprising. In fact, 2-oxoglutarate is a negative effector for GdhR in N. meningitidis, and GdhR in turn regulates the Entner-Doudoroff pathway in response to this TCA intermediary. In this scheme, high levels of 2-oxoglutarate might be permissive for stimulation of glucose metabolism via GdhR inhibition by 2-oxoglutarate.
The main point of this study is the identification and the partial characterization of a GdhR-regulated operon encoding an ABC transporter evolutionarily conserved in eubacteria (Table 3 ) and also present in plastid genomes (see below).
Bioinformatics provided the following evidence that this system might be responsible for L-glutamate uptake.
(i) The NMB1966 deduced protein sequence exhibits similarity to that corresponding to gluA of Corynebacterium glutamicum, the cytoplasmic ATP-binding component of the ABC four-member glutamate uptake porter. Similar homology was previously observed between GluA and the deduced protein sequence of XF0421 (NMB1966 homolog) in the plant pathogen Xylella fastidiosa (29) . (ii) NMB1965 encodes an integral membrane protein belonging to the duf140 family and harboring six transmembrane domains, a typical architecture of the inner-membrane permease component of the ABC transport system. Significant homology exists between the NMB1965 deduced protein sequence and the proton-glutamate symport protein from eubacteria and archaea (Fig. 4E) . The duf140 family is widespread over the evolution of eubacteria and plas- intracellular meningococci (strains H44/76 and H44/76⍀gdhR) following saponin lysis of infected HeLa cells at different times after 8 h of gentamicin treatment and were used to generate gene-specific 32 P-labeled cDNA probes as detailed in the Materials and Methods section. The 32 P-labeled cDNA probes were hybridized to different amounts (4, 20, and 100 ng) of denatured NMB1965-, NMB1964-, or NMB1961-specific fragments. For the 16S rRNA gene-specific fragment, twofold serial dilutions (from 0.05 to 50 ng) were used. Bottom, densitometry analysis of the slot blot. For NMB1965, NMB1964, and NMB1961, the relative transcript levels in H44/76 are arbitrarily assumed to be equal to 100%. Values represent means from five independent experiments, each with triplicate samples, using RNA preparations from distinct infection assays. Bars indicate standard deviations. (C) Semiquantitative analysis of the NMB1964-specific transcript in H44/76 and H44/76⍀gdhR by RT real-time PCR experiment. The RNA was extracted from intracellular meningococci as described above. Results were normalized to 16S rRNA levels. Transcript levels in H44/76 are arbitrarily assumed to be equal to 100%. Values represent means from five independent experiments with triplicate samples using distinct cDNA preparations for each RNA sample Ϯ standard deviations. ilar function may be hypothesized for the product of the ORF NMB1962.
The function of the ORF NMB1961 is obscure. The gene product of NMB1961 is related to VacJ of S. flexneri, a lipoprotein of unknown function that is exposed on the bacterial surface. Interestingly, vacJ, as well as the S. flexneri unlinked genes vpsA and vpsC (NMB1966 and NMB1964 in N. meningitidis), is required for the intercellular spreading of this invasive microorganism, an essential prerequisite for shigellosis (21, 43) . The VacJ-like-defective strain H44/76⍀NMB1961 did not exhibit decreased intracellular persistence and/or growth with respect to the wild-type strain (Fig. 7A) . Intriguingly, the apparent intracellular generation time of this strain was slightly lower than that of the wild type. Because the intracellular generation time reflects the sum of intracellular growth, intracellular death, and eventually bacterial egression from HeLa cells and reinvasion, this difference might, in principle, be due to variation in any of these processes. A possibility to be explored is that the VacJ-like product of the ORF NMB1961 might be involved in bacterial egression from the host cells, a hypothesis that is compatible with the role of the related ORF in S. flexneri.
Functional data support the hypothesis that the ORFs NMB1966 to NMB1962 may code for an ABC transporter devoted to L-glutamate import and that this system maximally operates at a low sodium ion concentration (in a range around 10 mM NaCl) (Fig. 5) . In contrast, at a high sodium ion concentration an alternative L-glutamate uptake system is predominant. Indeed, a sodium/glutamate symporter (GltS), encoded by the ORF NMB0085, is annotated in the genome of the serogroup B MC58 strain (44) . The operation of two major, sodium-dependent and sodium-independent L-glutamate transporters is supported by the growth phenotype of the NMB1963-and NMB1965-defective mutants (Fig. 6) .
The occurrence of two major systems operating at different sodium ion concentrations may be functional for meningococcal adaptation to different (intracellular versus extracellular) microenvironments. Although the question about the subcellular location of pathogenic Neisseriae is controversial (30) , there is evidence that these parasites may have access to carbon sources in the host cell cytoplasm (46) . In principle, there is little available intracellular glucose, since glucose entering cells is rapidly phosphorylated to glucose-6-phosphate (41), a substrate that, along with the other glycolytic intermediates, cannot be assimilated by meningococci. The best intracellular carbon sources are pyruvate and lactate or/and several amino acids, such as L-glutamate, which stimulates the citrate catabolism (18) . Under physiological conditions, the extracellular concentration of this amino acid ranges from 30 to 90 M in the plasma depending on feeding, exercise, and circadian rhythm (14, 45) . The intracellular concentration may be considerably higher depending on the cell type and metabolism (6, 24, 45) . Indeed, the L-glutamate metabolism in mammalian cells is strictly linked to that of L-glutamine, the most abundant amino acid in plasma (14) . L-glutamine is an essential amino acid for growth of cells in culture (11) as well as an important oxidative fuel for cells grown in culture and in intact functioning organs (6, 24) . In vivo L-glutamate may be generated from L-glutamine extracellularly by the action of the ␥-glutamyltransferase and intracellularly by the action of the glutaminase (24) . The intracellular milieu is characterized by low sodium ion concentrations, ranging between 15 and 20 mM; in contrast, the sodium ion concentration is much higher in the extracellular fluids and plasma (130 to 150 mM) (16) . Thus, coregulation by GdhR of L-glutamate uptake via the ABC transporter operating at a low sodium ion concentration and L-glutamate oxidation via the NADP-GDH might be functional to support the activity of the TCA in the intracellular environment of the host cell. This hypothesis is supported by the results of the cell invasion and intracellular persistence assays. In these assays, HeLa cells were infected in the DMEM containing 2 mM L-glutamine as a source of the intracellular L-glutamate pool. Strains H44/76⍀NMB1965 (permease defective) and H44/76⍀gdhR (GdhR defective) exhibited normal cell invasion efficiency but a reduced ability to persist and/or grow in the intracellular environment (Fig. 7A) . These experiments also demonstrated that the GdhR regulon is activated in the intracellular milieu (Fig. 7B) , reflecting a limitation of the TCA cycle.
